ABSTRACT: There are wide variations of gene expression and strikingly different responses to extracellular signals among different fibroblast populations. This has prompted a large number of in vitro studies which suggest that fibroblasts are not homogeneous but instead comprise multiple subpopulations with extensive site-to-site and intra-site variations. Conceivably, either fibroblasts are not all created equal, or, alternatively, discrete subpopulations may emerge in development, inflammatory lesions, or wound healing. While the heterogeneous nature of cultured fibroblasts has been known for some time, are these variations relevant to our understanding of the biology of oral tissues, their involvement in disease, and their response to therapy? Since fibroblasts are the predominant cell type in soft connective tissue matrices, the regulation of their proliferative, synthetic, and degradative behavior is likely to be important in tissue physiology and pathology. In this review, we use the current literature to assess whether fibroblast subpopulations really make a difference in the health and disease of periodontal tissues. We address the following questions: (1) Is fibroblast heterogeneity a real in vivo phenomenon? (2) How can we advance our knowledge of phenotypic variations and the regulation of fibroblast differentiation? (3) Could a knowledge of fibroblast heterogeneity have an impact on the development of new approaches to pathogenesis and the treatment of periodontal tissues?
Introduction
In soft connective tissues such as healthy periodontal ligament or gingiva, fibroblasts are by far the most numerous stromal cell type (Schroeder et al., 1973) . These cells and their extracellular matrix products play pivotal roles in maintaining the structural integrity of connective tissues, in healing processes, and in pathological alterations. In addition to well-described structural and functional similarities (e.g., collagen and fibronectin synthesis, vimentin intermediate filaments, t3-actin), fibroblasts exhibit considerable variation of cytoskeletal proteins (e.g., cx-smooth muscle actin expression; Sappino et al., 1990) , surface markers (e.g., Clq receptors), and size (Roberts and Chamberlain, 1978) that suggest the existence of discrete cellular subsets. Variants have been described both within a localized site (e.g., gingiva ; Cockey et al., 1989; Irwin et al., 1994) and between sites from different anatomical locations (Irwin et al., 1994) . It has been previously suggested that regulation of fibroblast populations in both steady-state and pathological conditions is essential for a profound understanding of basic processes involved in health and disease (Narayanan and Page, 1983; Bordin et al., 1984; Korn et al., 1984; Sappino et al., 1990) . For example, clonal imbalance and selection of fibroblast subtypes in connective tissues have been cited as potential mediators of fibrotic diseases in the lung (Korn et al., 1984; Penney et al., 1992) , in keloids (Appleton et al., 1996) , and in gingiva (Hassell et al., 1976) . The central hypotheses that have prompted studies of fibroblast heterogeneity are that phenotypically stable but heterogeneous subpopulations exist and that they regulate tissue form and function. We believe that a critical assessment of these and related hypotheses is worthy of examination, since biologically important structural and functional differences among fibroblast subpopulations could have a significant impact on several different disease states in the periodontium and on their treatment. This review focuses strictly on periodontal tissues, but readers are encouraged to consult excellent reviews on lung fibroblast heterogeneity (Phipps, 1992) and the role of fibroblasts in fibrotic diseases (Schmitt-Graff et al., 1994) for a more general back- ground. 
Fibroblast Heterogeneity
In vivo, fibroblasts exhibit a range of morphological and functional characteristics, including a cigar-shaped or stellate morphology in vitro but a highly variable set of morphologies in vivo (Fig I) These cells have the ability to synthesize various extracellular proteins such as collagen and fibronectin but can also undertake other functions (e.g., as immune accessory cells; Agarwal et al., 1995; Quintero et al., 1995; Fig. 2) which extend their utility as "architects and caretakers of connective tissues". At the outset, it is worth noting that the gingival and periodontal ligament connective tissues contain many different types of cells, of which the fibroblast is the most numerous (Schroeder et al., 1973) Thus, it is possible to describe heterogeneous behavior in gingival or periodontal ligament cell populations that are in fact the result of a description of totally different cell types. For example, tissue macrophages and fibroblasts are morphologically very similar at the light microscope level (Gould et al., 1980) . We wish to emphasize that we are focusing our discussion strictly on the fibroblastic populations from these tissues, but we are aware of the mixture of cell types normally found in these tissues in vivo.
In spite of their similar appearance to one another, cultured populations of "pure" fibroblasts are highly diverse populations of cells that exhibit a considerable degree of heterogeneity (Bordin et al., 1984 , Larjava et al., 1989 Goldring et al, 1990) . Inter-site heterogeneity (Schneideret al, 1977, Hou and Yaeger, 1993 )-including variations in proliferative potential (Azzarone and Macieira-Coehlo, 1982, Bartold et al, 1992) , alkaline (Groeneveld et al., 1995 (Groeneveld et al., , 1996 , response to growth factors (Bartold et al., 1992) , collagenase biosynthesis (Korn et al., 1985) , and cytoskeletal proteins (Skalli et al., 1989) -is well-documented in cultured cells. Fibroblasts of a single anatomic site also display variations in their proliferative potential (McCulloch and Knowles, 1991; Matsuda et al., 1992) , cellular response to cytokines (Bartold et al., 1992) , secretion of matrix-degrading enzymes (Sottile et al., 1989) , migratory behavior (Irwin et al., 1994; Arora and McCulloch, 1996) , eicosanoid and cytokine production (Ogiso et al., 1991 (Ogiso et al., , 1992 Fries et al., 1994) , and matrix deposition (Goldring et al., 1990 (Phipps, 1992) and fibrocontractive diseases (Gabbiani and Majno, 1972) Figure 2 . Fibroblasts exhibit multiple functions that extend beyond the synthesis of matrix proteins. These multiple functions may be man aged by discrete cell populations that are selected for these specific functions.
fibroblasts operate in a compartment bounded by cementum, epithelium, and bone. Throughout the lifetime of mammals, the size and anatomical configuration of these compartments and the periodontal tissues in general remain remarkably stable, in spite of physiological tooth drift or the trauma associated with mastication and parafunction. The site-specific functional characteristics of periodontal ligament and gingival fibroblasts contribute to the preservation of the form of the periodontium (see Hassell, 1993 , for a detailed review) Notably, the bulk of the soft periodontal connective tissues is comprised of collagen, which the fibroblasts secrete. Remodeling of collagen can occur by internalization and degradation in acidic, membrane-bound vacuolar compartments (i e, phagolysosomes). In human gingival fibroblasts, these compartments contain B, D, and L cathepsins, cysteine, and aspartic proteinases that may be the principal degradative enzymes in tissue remodeling and breakdown (Trabandt et al, 1995) ; but the relative importance of these enzymes in tissue destruction is poorly understood. Alternatively, in pathological situations, matrix metalloroteinases can degrade collagens at neutral pH and rapidly alter tissue architecture. Further, during wound healing, fibroblasts can utilize their extensively developed microfilament systems to exert contractile forces on nascent collagen fibrils and remodel the matrix by traction. Previous data indicate that specific fibroblastic populations may be responsible for the degradation, traction, and possibly phagocytosis of collagen (Overall and Sodek, 1990, McCulloch and Knowles, 1993; . Not surprisingly, since collagen is turned over relatively rapidly in periodontal tissues (Sodek, 1977) , deviations in the balance among synthesis, degradation, and remodeling can lead to loss of tissue form and either net collagen loss or fibrosis (Fig. 3) . For example, the pro-inflammatory cytokine TNFa, at pathophysiological concentrations (10 ng/mL) inhibits collagen phagocytosis (Chou et al., 1996) , a mechanism which may account for the extensive fibrosis observed in chronically inflamed gingiva. Notably, cells derived from periodontitis lesions have metabolic hallmarks very different from those of cells derived from normal tissues (Hussain et al, 1994) , and a major goal of work in this field is to identify those genes which are differentially expressed and repressed in ongoing tissue destruction.
(2) PATHOGENESIS OF PERIODONTAL POCKET FORMATION lunctional, sulcular, and oral epithelia cover and protect the periodontal connective tissues. These epithelia are divided on the bases of spatial location and keratin intermediate filaments (Mackenzie, 1988) . Epithelial phenotypes may be conditioned by epithelial-connective tissue interactions such that the regional specificity of the epithelium is dependent in part on the phenotypes of underlying fibroblasts (Schor and Schor, 1987) , a notion that has received support from studies of gingival epithelia (Mackenzie and Dabelsteen, 1987; Hill and Mackenzie, 1989 (Brunette et al., 1977) , but the actual mechanisms by which fibroblast subpopulations may regulate epithelial cell differentiation and the control of epithelial cell domains are poorly understood. More recent data have shown that regulatory interactions between epithelial cells and fibroblasts are dependent on the origin of the fibroblast and are paracrine-mediated (Adam et al., 1994) . In the context of periodontitis, the gingival connective tissues become infiltrated with inflammatory cells which may promote connective tissue destruction and loss of the original spatial orientation between specialized epithelia and gingival and periodontal ligament connective tissues (Mackenzie and Gao, 1993) . Consequently, the fibroblast phenotype which supports the normal junctional epithelium (Pender and Heaney, 1994) may be located near the periodontal ligament but is functionally different from the remainder of the cells in the periodontal ligament. The maintenance of this putative supra-crestal connective tissue phenotype (McCulloch and Knowles, 1991; Irwin et al., 1994; Heaney, 1994, 1995) could be important in maintaining the integrity of the periodontium (Fig. 4) . Conceivably, outgrowth or activation of different subpopulations of fibroblasts may cause perturbations of epithelial-mesenchymal interactions that, in turn, modify the course of pathological alterations of connective tissues (Schor and Schor, 1987 (Trowbridge, 1990) . In this context, periodontal ligament fibroblasts can differentiate into granulation tissue fibroblasts (Hakkinen and Larjava, 1992) , and there is good evidence that granulation tissue fibroblasts may be separate subpopulations (Hakkinen et al., 1996) . In granulation tissue, the fibroblasts gradually become the predominant cellular elements and acquire morphological and biochemical . This fibroblast subtype is designated as a myofibroblast and may remain in a quiescent form after healing or disappear selectively by apoptosis ( Fig. 5) (Darby et al., 1990) . Since the presence of osmooth muscle actin is a constitutive feature of certain types of gingival and periodontal fibroblasts (Giannopoulou and Cimasoni, 1996) and mediates collagen remodeling by traction , we suggest that the failure to maintain an adequate reserve of (x-smooth muscle actin-positive cells in periodontal tissues will lead to a general failure of collagen remodeling and the formation of poorly organized collagen. Thus, pathological cell deletion by apoptosis in inflammatory lesions may eliminate discrete subpopulations, a phenomenon that has been described in gingival fibroblasts (Kulkarni and McCulloch, 1995) and in keloids (Appleton, 1996) . From a therapeutic standpoint, several cytokines and growth factors can regulate the differentiation repertoire of fibroblasts (Desmouliere et al, 1992) , including the formation of myofibroblasts (RubbiaBrandt et al., 1991) , thereby providing a potential pharmacological means of overcoming fibrosis. (Boyko et a., 1981 (Rose et al., 1987) , proliferative capacity and glycosaminoglycan content (Mariotti and Cochran, 1990) , chemotactic responses (Nishimura and Terranova, 1996) , protein and collagen synthesis (Somerman et al., 1988) , response to attachment factors (Somerman et al., 1989) , and capacity for mineralized tissue formation (Arceo et al., 1991) . Currently, it is unknown if these in vitro findings have clinical correlates in vivo, but it is tempting to speculate that periodontal ligament and gingival fibroblasts have constitutively different differentiation repertoires that critically determine the outcome of periodontal wound healing (i.e., regeneration or repair; see Aukhil et al., 1990) . What are currently lacking from studies that contrast, for example, gingival and periodontal ligament fibroblasts are: (1) reproducible and comparable methods of primary cell culture; (2) large patient sample sizes; (3) clonal investigations; (4) microdissection methods for the isolation of specific, regional cell populations (see Irwin et al., 1994) ; (5) defined, clear-cut phenotypic markers that are stable and propagable over long-term culture (see, for example, Bordin et al., 1984) ; (6) specific identification of fibroblastic cells; and (7) in vivo functional assays that test unambiguously for differences between gingival and periodontal ligament fibroblasts.
(5) ORTHODONTIC TOOTH MOVEMENT AND TREATMENT RELAPSE
In spite of precise diagnoses and the use of sophisticated mechanical systems, the response of the periodontium to force application varies between patients. Orthodontic treatments frequently lead to post-treatment relapse, particularly rotational relapse (Little, 1990) . In this context, we note that the collagen fibers of the periodontium are remodeled by fibroblasts in response to applied force (Ten Cate et al., 1976) . Following significant tooth rotation, the re-orientation of the collagen fibers in the gingival and transseptal region is histologically (Reitan and Skillen, 1940) and clinically (Edwards, 1970) slower than that of periodontal ligament collagen fibers, perhaps reflecting the much slower collagen turnover that is exhibited by gingiva (Sodek, 1977) . Therefore, within the collagenous matrices of the periodontium of an individual tooth, there is a heterogeneous remodeling response. This has led to the practice of sectioning the circumferential gingival fibers as a means of reducing, by up to 50%, the amount of rotational relapse 253-268 (1997) experienced in the correction of severe rotations (Pinson and Strahan, 1974) . The differences between tissue responses in the gingival and periodontal ligament/bone tissue compartments are also exemplified by studies of glycosaminoglycans in gingival crevicular fluid. Glycosaminoglycan components from the extracellular matrix, possible representative markers of bone matrix turnover, are augmented by orthodontic tooth movement and reduced by prolongation of fixed retention at the end of orthodontic treatment . We note that heterogeneity of matrix synthesis by various fibroblast subpopulations may be a consequence of signals from extracellular matrix components . Therefore, one possible consequence of force application during orthodontic treatment in the absence of adequate retention programs may be to increase the variation of the tissue response that is already in place. Consequently, a more detailed understanding of the effects of force on discrete cell populations could strengthen the rationale of retention programs and thereby improve orthodontic post-treatment management.
Development and Differentiation
One of the central ideas that has driven interest in fibroblast heterogeneity is that phenotypically stable populations not only exist in vivo but also exert profound influences on tissue function. Thus, instead of the fibroblast being considered as a homogeneous population of end-stage cells, perhaps we should consider the existence of a self-renewing, fibroblast progenitor cell that can produce, on demand, multiple cell lineages (Fig. 6) . These lineages may contain stable precursor cells that are self-renewing and functionally separate. But where might these cell lines originate? Periodontal ligament fibroblasts are derived from the inner layer of the dental follicle (Ten Cate and Mills, 1972) (Cho and Garant, 1989) .
If one is to study differentiation and the function of periodontal ligament and gingival fibroblasts in mature periodontal tissues, identification of a single cell population in a mixture of different subpopulations is a major problem. Cell culture has been used extensively for the study and, it is hoped, isolation of relatively homogeneous populations, but analysis of cell culture data should be cautiously extrapolated to the in vivo situation due to the effects of cell selection, particularly at high passage numbers. Repeated passaging of cells tends to reduce heterogeneity in vitro, and conventional culture methods cannot easily assay for the phenotype of nonproliferating or slowly proliferating subtypes (McCulloch and Knowles, 1991) . Indeed, because of the rapid expansion of proliferating cell populations in vitro, slow-growing or arrested cell populations in the original tissue explant will be quickly obscured by those cell populations that grow well in the particular culture environment. One possible alternative approach to this problem is the study of clonal populations (e.g., Limeback et al., 1983; Hou and Yaeger, 1993) , since the life history of the progeny of single cells can be followed in detail. Limitations to the cloning approach include low cloning efficiency and the often-limited sample size that is available for biochemical analysis (see, for example, Limeback et al., 1983) , the ability to assay only for cells that will grow at low densities, and the potential sampling problems that arise in studies of small size. However, clonal methods to study non-proliferating populations of skin fibroblasts have been described (Bayreuther et al., 1988) One scanning electron microscopy study (Roberts and Chamberlain, 1978) showed discrete populations of fibroblasts in vivo, and one morphotype exhibited pseudo-pod-like structures similar in morphology to migrating periodontal ligament cells in vitro, but neither the differentiation potential or the homogeneity of these cells was described. Light microscope nuclear morphometry of periodontal ligament fibroblasts (Roberts and Morey, 1985) showed Arora and McCulloch, 1996 *In health, periodontal ligament fibroblasts are larger than gingival fibroblasts, exhibit more filamentous actin, and display smooth-muscle myosin. Alkaline phosphatase is found at much higher levels in periodontal ligament fibroblasts, which also respond to cemental-derived mitogens differently than do gingival fibroblasts. Within these fibroblast populations, there is variation in cell shape, proliferative capacity, and collagen synthesis. Of functional significance is the heterogeneous response of both gingival and periodontal ligament fibroblasts to disease: Notably, changes in proliferation, collagen, extracellular matrix, and cytokine responses are evident. Thus, the periodontium may maintain homeostasis by creation of cellular diversity (Hall and Watt, 1989 
Markers
Attempts to obtain stable in vivo or in vitro differentiation markers for periodontal fibroblasts have met with only limited success to date. Table 2 shows a partial list of various markers that have been studied. Putative fibroblast markers have been most extensively studied in vitro.
As can be seen in the Table, (Matsuda et al., 1993) and in vivo studies (Cho et al., 1991) In another instance, the expression of a specific, lowabundance matrix protein may help discriminate between gingival and periodontal ligament fibroblasts (Karimbux et al., 1992; Oh et al., 1993) . Thus, for the assessment of cell differentiation, fibroblasts in periodontal ligament express collagen type XII only when the ligament has become functional. This finding suggests that a low-abundance collagen type may be a useful marker for periodontal ligament fibroblast differentiation, but studies to confirm this notion and to demonstrate heritability in culture have not been conducted. Further, several clonal studies have also shown heterogeneity in expression of the levels of type I and type III collagens and fibronectin in periodontal ligament fibroblast populations (Limeback et al., 1983; Hou and Yaeger, 1993) . The potential utility of these high-abundance matrix proteins as differentiation markers seems limited by the observation that, in vivo, most cells express these proteins, and it is uncertain whether, in mass cultures, they are stably expressed over several passages.
Several other non-collagenous matrix proteins or cell-associated proteins have also been used for studies of periodontal ligament fibroblast differentiation. However, at least for osteopontin, these studies exhibited limitations due to an overlap in the temporal expression of the protein during tissue maturation (Lekic et al., 1996) , the relative instability of marker expression in vitro, and the existence of cells at different stages of differentiation. For example, periodontal ligament fibroblasts express alkaline phosphatase constitutively in vivo (Groeneveld et al., 1993) , but this expression varies as a function of distance to cementum or bone (Groeneveld et al., 1995) , can also be detected in gingiva (albeit at low levels), and decreases when cells are cultured at high passage number. Intracellular cytoskeletal markers have also been studied: A gingival fibroblast subpopulation with remarkably rapid collagen contraction suggests the existence of a specialized cell type in which high levels of (t-smooth muscle actin expression are related functionally to contractility . Despite the promise suggested by these and other studies, the following problems remain: (1) marker instability; (2) difficulties in obtaining selective and discrete expression in subpopulations that can be isolated; and (3) lack of knowledge relating the expression of marker to specific cell function. Future progress in our understanding of fibroblast heterogeneity is critically dependent on the development of stably expressed markers that address these concerns. To date, perhaps the most interesting marker that has significantly advanced the field is Clq receptor, notable for its stable expression, its heritability, its utility for sorting in vitro. and its possible relationship to cell function (Bordin et al., 1984; Bordin and Page. 1988 Without specific and stably expressed differentiation markers, progress in our understanding of where fibro-blasts fit into the overall stromal differentiation system and the possible identification of periodontal fibroblast lineages will be limited (Fig. 6) . However, relatively simple experiments using cell kinetic methods have provided some insight into the origin and structure of fibroblast populations (e.g., Gould et al., 1980) . In general terms, cell populations have been tentatively categorized as expanding, static, and renewing (Leblond et al., 1959) . Renewing cell systems contain populations of stem cells which, upon mitosis, produce more differentiated progeny. The daughter cells have a more limited repertoire of protein expression and ultimately undergo a series of cell divisions to produce a functionally specialized cell. The stem cells of a particular tissue undergo self-renewal at mitosis to maintain their own numbers and to generate more specialized cells that maintain the essential characteristics of the tissue phenotype. Thus, the more differentiated progeny of stem cells both amplify cell number and exhibit more delineated, specialized functions. Since the periodontium is a complex structure that requires diverse cell populations to provide ongoing function, including remodeling for functional adaptation and repair (Hassell, 1993) , it is perhaps not surprising that the fibroblasts of the periodontium are part of a renewing, steady-state cell population Melcher, 1983a: Pender, 1988) . Since steady-state renewal cell systems must have a built-in system to maintain a constant number of cells, it is notable that the periodontium also contains apoptotic fibroblasts in numbers comparable with those generated by proliferation (McCulloch et al., 1989) . We postulate that, like the developing immune system in which autoreactive clones are deleted by negative selection, so also, in periodontal tissues, the deletion of cells by apoptosis (Fig. 5) provides a balancing mechanism to maintain the numbers of specific cell types at constant levels.
Investigation of fibroblast lineages in vivo is somewhat complicated by the lack of a well-defined maturing tissue structure as can be found in epithelium (Loeffler et al., 1987) . In epithelium, the most primitive progenitor cells are found in the basal layer. By analogy, in the periodontium, the most primitive progenitor cells are found in paravascular sites of the periodontal ligament (Gould et al., 1980; McCulloch and Melcher, 1983a) and in gingiva Heaney, 1994: Nemeth et al., 1993) . The progeny of these cells migrate to extravascular sites (McCulloch, 1985; Pender and Heaney, 1995) , where they presumably contribute to tissue turnover and repair. In addition, the periodontal ligament may be enriched with progenitors from adjacent endosteal spaces of alveolar bone (McCulloch et al., 1987) . Migration of fibroblasts in the periodontal ligament seems to be directed from the central progenitor zone toward both bone and tooth (McCulloch and Melcher, 1983b) and in an apico-coronal direction (Perera and Tonge, 1981) . Notably, a putative cemental attachment protein promotes preferential migration of human periodontal ligament fibroblasts toward root surfaces when compared with human gingival fibroblasts (Pitaru et al., 1995) , suggesting a general mechanism to induce selective migration. Although migration patterns have yet to be established for gingival tissue, they may be similar to those of periodontal ligament (Pender and Heaney, 1995) .
Consistent with the notion that paravascular sites are enriched with primitive precursors exhibiting the characteristics of stem cells, we note that paravascular cells exhibit slow cell-cycle times, clonal proliferation, and migration of labeled cell clusters to extravascular sites both in the periodontal ligament (McCulloch, 1985) and in gingiva (Pender and Heaney, 1995) . The observed clonal proliferation, label dilution, and migration to extravascular sites suggest that these transit cell populations are indeed amplifying and may be undergoing differentiation as the cells migrate away from blood vessels. In gingiva, the slowly cycling population appears limited to the supracrestal region (Pender and Heaney, 1995) , similar to the location of a progenitor cell zone in the hamster (McCulloch, 1986;  Fig. 4 ). However, it is evident that mixed populations of progenitors may be present at the tip of the interdental papilla, since human gingival fibroblasts grown from biopsies at this site show large variations of proliferative capacity in vitro: indeed, the variations in proliferation rates between mass cultures from one subject (Hassell and Stanek, 1983) and from pairs of monozygotic and dizygotic twins (Cockey et al., 1989) indicate that there is as much heterogeneity of the progenitor populations within sites as between sites. This supposition is supported by evidence from a double labeling study of hamster gingiva in which at least 2 different classes of progenitor cells were identified on the basis of proliferative capacity in vivo and in vitro (McCulloch and Knowles, 1991) . Collectively, these data indicate that fibroblasts in the periodontium are renewed continuously by several different classes of cells. These different classes can be distinguished on the bases of proliferative capacity, location within the tissue structure, and likelihood of undergoing cell death.
Regulation of Subpopulations
No matter what the lineage structure of fibroblast populations, in reality, these cells are unquestionably subject to regulation in order to control gene expression, to determine synthesis and remodeling of matrix proteins, and, ultimately, to maintain tissue form. Several scenarios can be envisaged to describe how specific fibroblast subpopulations are regulated by extracellar ligands and other factors. For example, if fibroblasts are indeed part of a differentiating cell system, then one possible regulatory mechanism would be to limit the entry of cells into a specific differentiation pathway. Alternatively, soluble effectors could select out (or delete) specific subpopulations based on discrete expression of specific expression of a receptor for the effector molecule. Finally, if all fibroblasts are "toti-potent" (i.e., no subpopulations), it is conceivable that all cells could respond to all environmental factors. But such a scenario would require that, at discrete periods in the life history of a cell, the cell was more or less responsive to the activating or de-activating factor. There is currently not a lot of evidence to support this final scenario or to provide a logical explanation for a mechanism of action.
A variety of regulatory factors-including cell history, soluble effectors, physical force, environmental matrix ligands (e.g., collagens, fibronectin, proteoglycans), and patient medications (e.g., dilantin, cyclosporin, nifedipine)-can exert marked effects on fibroblast function. We restrict our discussion here to soluble effectors, although we recognize that the other noted regulators are of considerable importance. We provide below a very brief and narrow set of examples of regulation in subpopulations of periodontal fibroblasts.
The best-described evidence of regulation arises from studies of molecules derived from extracellular matrix, blood, and surrounding cells, such as growth factors and cytokines that, in vitro, can demonstrably regulate growth, synthesis, and degradative activities of gingival and periodontal ligament fibroblasts. Notably, extracellular matrix components present on the root surface (e.g., collagen, fibronectin, tenascin) are chemoattractants for periodontal fibroblasts and also promote cell proliferation, migration, and attachment (Postlethwaite et al., 1978; Selvig et al., 1988; Nishimura and Terranova, 1996) (10 -6 10 0-l mol/mL), a putative chemotactic factor produced only by periodontal ligament fibroblasts affects only the cells from the periodontal ligament (Nishimura and Terranova, 1996) . If this factor can be purified, sequenced, produced in bulk, and the data replicated in other laboratories, it offers considerable promise as a potential therapeutic agent.
Further control of fibroblast subpopulations can arise from the activity of synergistically or antagonistically acting soluble factors. For example, Oates and coworkers (1993) demonstrated that platelet-derived growth factors, PDGF-AA and PFGF-BB (1-50 ng/mL), are major mitogens for human periodontal ligament fibroblasts, while transforming growth factor-f3 (1 ng/mL) acted as a regulator of the mitogenic response to PDGF in these cells. Matsuda et al. (1992) Matsuda et al. (1993) showed up-regulation of epidermal growth factor receptors on periodontal ligament fibroblasts by epidermal growth factor (10 ng/mL), and the levels of receptor expression were suggested to be part of a putative mechanism by which a specific subpopulation could be stabilized phenotypically. These and many other studies suggest that soluble effectors are important regulators of periodontal fibroblast differentiation, and that not only ligand availability and concentration but also the number and availability of receptors are equally important.
In wound healing, cytokines undoubtedly play a major regulatory role in determining the size and behavior of fibroblast subpopulations. Healing of periodontal wounds requires the large-scale generation of specialized fibroblastic cell types to synthesize, re-attach, and remodel many types of matrix components. Indeed, the cell types that repopulate the wound will, to a large extent, dictate the type and form of healing tissue (Aukhil et al., 1990) . The generation of fibroblast subtypes by differentiation and the regulation of these processes by local cytokines in wounded periodontal tissues are areas of intense research activity. In skin, myofibroblasts exert traction forces that mediate wound contraction (Harris et al., 1981; Darby et al., 1990) , and the formation of these specialized cell types is mediated by TGF-f , while, in the developing lung, PDGF-A signaling is required for myofibroblast formation (Bostrom et al., 1996) . In periodontal tissues, the x-smooth muscle actin positive cell type that is responsible for collagen contraction may also be regulated by this cytokine (Arora and McCulloch, 1994, and unpublished data) . Mass cultures of human granulation tissue fibroblasts show enhanced proteoglycan gene expression and altered response to TGF-f 1, and the most responsive cells appeared to be of the myofibroblast sub-type. These results are interesting for two reasons: First, alterations in the matrix composition of inflamed periodontium may be accounted for in part by fluctuations in the proportions of responsive cellular sub-types; and second, not all cells respond similarly to environmental ligands. Thus, information on the responses of fibroblastic sub-types to extracellular signals may have a significant impact on our understanding of the pathogenesis of periodontal diseases and the optimization of wound healing.
Conclusions
We have provided a series of examples drawn from a large but by no means complete review of the literature to show that fibroblast heterogeneity almost certainly exists within the periodontium and may well be site-specific. We suggest that the regional specificity of these variations (e.g., periodontal ligament vs. gingival fibroblasts) reflects intrinsic functional differences of the cell populations rather than random fluctuations within defined anatomical compartments. In a clinical context, these functional variations could strongly affect the relationship between various populations of epithelial cells (e.g., the proliferative behavior of junctional/pocket epithelium) and underlying connective tissue in health and disease. Because of the synthetic and remodeling activities of fibroblasts in soft connective tissues, it is evident that functionally different subpopulations will exert a strong effect on treatment outcomes involving periodontal tissues. For example, current approaches to 
